Identification of early sulphur (S) deficiency indicators is important for species such as Brassica napus, an S-demanding crop in which yield and the nutritional quality of seeds are negatively affected by S deficiency. Because S is mostly stored as SO 4 2-in leaf cell vacuoles and can be mobilized during S deficiency, this study investigated the impact of S deprivation on leaf osmotic potential in order to identify compensation processes. Plants were exposed for 28 days to S or to chlorine deprivation in order to differentiate osmotic and metabolic responses. While chlorine deprivation had no significant effects on growth, osmotic potential and nitrogen metabolism, Brassica napus revealed two response periods to S deprivation. The first one occurred during the first 13 days during which plant growth was maintained as a result of vacuolar SO 4 2-mobilization. In the meantime, leaf osmotic potential of S-deprived plants remained similar to control plants despite a reduction in the SO 4 2-osmotic contribution, which was fully compensated by an increase in NO 3 -, PO 4 3-and Cl -accumulation. The second response occurred after 13 days of S deprivation with a significant reduction in growth, leaf osmotic potential, NO 3 -uptake and NO 3 -reductase activity, whereas amino acids and NO 3 -were accumulated. This kinetic analysis of S deprivation suggested that a ( ] ratio could provide a relevant indicator of S deficiency, modified nearly as early as the over-expression of genes encoding SO 4 2-tonoplastic or plasmalemmal transporters, with the added advantage that it can be easily quantified under field conditions.
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Introduction
Compared to cereals, winter oilseed rape (Brassica napus L.), like many species in the Brassicaceae, requires a relatively large input of mineral nutrients such as sulphur (S). For example, to produce one tonne of seeds, 16 kg S are required by oilseed rape (McGrath and Zhao, 1996; Blake-Kalff et al., 2001) , and only 2-3 kg S are needed by wheat (Triticum aestivum) (Zhao et al., 1999) . As a consequence, oilseed rape is especially sensitive to S limitation. Thus, seed yield of oilseed rape is usually improved by S fertilization with doses depending on the environment in which the crop is being grown, usually 15-60 kg S ha -1 (Grant et al., 2012) . For example, it is assumed that a supply of ~20 kg S ha -1 is sufficient to satisfy the high S requirement of oilseed rape in the USA (Jackson, 2000) while the recommendations of the technical centre of oleaginous production in France (CETIOM) is ~30 kg S ha -1 . A precise recommendation for S fertilization remains difficult because of the lack of field-appropriate plant or soil S indicators, resulting in a wide variation of S doses applied under production conditions (from 0 to 112 kg S ha -1 , Sarda et al., 2014) .
Over the last few decades, S fertilization has become crucial in many agricultural areas, particularly in Western Europe, where industries have reduced atmospheric S pollution by replacing high S-containing coal and oil with low S natural gas, renewable energy sources and nuclear energy. These changes in industrial practices have caused a reduction in S emissions of ~80% since the 1980s (Blake- Kalff et al., 2001) resulting in a major reduction in soil S deposition (McNeill et al., 2005) . These reduced anthropic S inputs together with changes in cropping systems, including the use of high yielding varieties coupled with intensive management practices, have thus created a decrease in the mineral S availability in soil that is especially prejudicial for S-demanding crops such as oilseed rape (Grant et al., 2012) .
Oilseed rape is particularly sensitive to mineral S limitation, which provokes multiple plant physiological changes leading to losses of yield and seed quality through modified lipid and protein composition of seeds (Janzen and Bettany, 1984; McGrath and Zhao, 1996; Scherer, 2001; Malhi et al., 2007; D'Hooghe et al., 2014) . Moreover, it has been shown that decreased S availability reduces nitrogen (N) use efficiency of oilseed rape (Fismes et al., 2000; Dubousset et al., 2010) as S and N metabolism are tightly linked. A lasting S limitation leads to an accumulation of amino acids in B. napus (Lee et al., 2013) or in spinach (Spinacea oleacera) (Prosser et al., 2001) , which may down-regulate N uptake and assimilation (Miller et al., 2007; Nacry et al., 2013) . It was further suggested that the leaf amino acid accumulation under S deprivation resulted from the hydrolysis of previously synthesized proteins rather than from de novo synthesis (Lee et al., 2013) . In the meantime, it has been reported that nitrate (NO 3 -) may accumulate in leaves during S deficiency (McGrath and Zhao, 1996; Prosser et al., 2001; Koralewska et al., 2009; Kaur et al., 2011; Sarda et al., 2014) suggesting that NO 3 -assimilation is more affected than its uptake.
While oilseed rape is well recognized to be highly sensitive to medium-and long-term S deficiency, this plant species can also cope with short-term S limitation through the mobilization of endogenous S stores to maintain growth (Abdallah et al., 2011) , the duration of which is related to the level of leaf sulphate (SO 4 2-) previously accumulated. Sulphate, as the most significant of the S compounds in terms of quantity, can account for from 10 to >71% of the total S in leaves of oilseed rape (Sarda et al., 2014) . In such conditions, oilseed rape is able to recycle endogenous S compounds (mainly as SO 4 2-) from old and mature leaves to young leaves and roots (Dubousset et al., 2009; Abdallah et al., 2010) . Sulphur deprivation also induces foliar up-regulation of genes encoding SO 4 2-transporters, such as BnaSultr4.1 and/or BnaSultr4.2, which are supposed to be involved in the efflux of SO 4 2-from the vacuoles, as well as of root SO 4 2-transporters such as BnaSultr1.1 and 1.2 Kataoka et al., 2004; Parmar et al., 2007; Dubousset et al., 2009; Abdallah et al., 2010) . In addition to these transcriptomic changes, Lee et al. (2013) have shown in B. napus that during the first week of S deprivation, the osmotic potential of leaves remained at a steady state level despite SO 4 2-mobilization, before being decreased by ∼10%, suggesting a higher accumulation of osmotica and/or a reduced water content.
Under normal growing conditions, the osmotic potential of most plants is generally maintained at a steady-state level by at least two processes: (i) the differential accumulation of different osmotica in such a way that any decrease in the concentration of osmotically active compounds is compensated by the accumulation of others and (ii) the adjustment of cell water content (Burns et al., 2012) . Under S limitation where SO 4 2-is mobilized to sustain growth, it could be suggested that the reduction in its osmotic contribution must be compensated for, at least during the initial phase, by other osmotically active molecules. Such osmotic compensations aimed at keeping the leaf osmotic potential constant have already been described, for example, in Italian ryegrass (Lolium multiflorum) exposed to different light intensities (Veen and Kleinendorst, 1986) and ryegrass (L. perenne) submitted to defoliation (Ourry et al., 1989) , in which NO 3 -was accumulated when soluble carbohydrate content was decreased (and vice versa). Likewise, in lettuce (Lactuca sativa) NO 3 -was also accumulated to compensate for a reduced content of soluble organic compounds resulting from low light conditions (Burns et al., 2011a) . The late decrease in osmotic potential previously reported under S limitation in oilseed rape (Lee et al., 2013) could also be a result of metabolic disorders such as amino acid accumulation and subsequent inhibition of N metabolism.
The main objectives of this work were to (i) determine the effects of S deprivation on leaf osmotic potential and (ii) identify the mineral and/or organic compounds that contribute osmotically during SO 4 2-mobilization. In order to differentiate osmotic causes from metabolic perturbations, the impact of S deprivation on osmotic potential was also compared to chlorine (Cl) deprivation. Indeed, Cl as a free anion participates in compensation and osmoregulation in the whole plant (Xu et al., 2000) , but in contrast to SO 4 2-, which is assimilated, only a few chlorinated organic compounds have been identified in higher plants (Broadley et al., 2012) . Additionally, kinetic analysis of anions, cations and organic compounds (amino acids, organic acids, soluble carbohydrates) and their osmotic contribution were quantified together with NO 3 -uptake and assimilation. Finally, the last objective was to identify early events during S deprivation, just prior to growth reduction, and with kinetics close to the induction of SO 4 2-transporters that could be potentially usable under field conditions as indicators of S nutrition levels. Tissue sampling Four independent samples each consisting of four individual plants were harvested at day 0 and after 1, 2, 3, 7, 13, 21 and 28 days of treatment. Leaves and petioles present at the beginning of treatment applications (d0) were identified and marked, and these organs were referred to as 'emerged leaves' and 'emerged petioles', with leaves and petioles appearing during treatments as 'new emerging leaves' and 'new emerging petioles'. At each date of harvest, whole roots from control and depleted plants (−S and −Cl) were harvested.
Materials and methods

Hydroponic experiments and applications of restricted S and
Thereafter, leaves, petioles and roots were frozen in liquid nitrogen and stored at −80°C for further analysis. An aliquot of each tissue was freeze-dried for dry weight (DW) determination and ground, using an oscillating grinder (MM400, Retsch, Haan, Germany), to fine powder for mineral, ion and amino acid analysis. Likewise, at each time of harvest, a fresh aliquot of leaves and roots was used for real-time in vivo nitrate reductase (NR) activity and osmotic potential measurement.
Measurement and calculation of water content and osmotic potential
Leaf water content was estimated by weighing ten leaf discs (Ø 18 mm) immediately after harvest and after drying for 48 h at 60°C. The osmotic potential of cell sap was determined, using a cryoscopic osmometer (Roebling osmometer automatik, Bioblock Scientific, Illkirch, France). Ten leaf discs (Ø 18 mm) were collected for analysis from the middle part of leaves and were placed in a syringe, frozen in liquid nitrogen and stored at −80°C. After thawing, the cell sap was pressed out of a syringe, collected and centrifuged at 10 000 ×g for 10 min at 4°C. The corresponding supernatant was used for osmotic potential measurements. The osmotic potential (MPa) of leaf cells was then calculated according to the Van't Hoff equation: π=(−R×T×osmolality of the extract), where T is the absolute temperature and R is the constant of perfect gas.
Anion and cation analysis
Ions were extracted from 30 mg of freeze-dried plant material and were initially mixed with 1.5 ml of 50% ethanol solution. After incubation at 40°C for 1 h, the extract was centrifuged at 12 000 ×g for 20 min and the supernatant was collected. This step was repeated on the pellet and the resulting supernatant obtained was pooled with the previous one. All these operations (i.e. incubation and centrifugation) were repeated twice, but with 1.5 ml of ultra-pure water and incubation at 95°C. All the supernatants were pooled and evaporated under vacuum (Concentrator Evaporator RC 10.22, Jouan, Saint-Herblain, France). The dry residue was resuspended in 1.5 ml of ultra-pure water and was filtered on 45 µm filters. Thereafter, anion and cation contents were determined using high performance liquid chromatography with a conductivity detector (ICS3000 and ICS5000+, Thermo Scientific-Dionex, Villebon-surYvette, France) for anion and cation analysis, respectively. The eluent solution for anion analysis consisted of 4.05 mM Na 2 CO 3 and 1.26 mM NaHCO 3 and was pumped isocratically over an analytical column (AS22 4*250 mm). For cation analysis, the eluant consisted of 20 mM methanesulfonic acid and was pumped isocratically over an analytical column (CS12A 4*250 mm).
Amino acid, organic acid and non-structural carbohydrate analysis
For amino acid extraction, 20 mg of freeze-dried plant material with 1 ml of distilled water were agitated at 2000 rpm for 30 min (Multi Reax, Heidolph Instruments, Schwabach, Germany) and centrifuged at 13 000 ×g for 5 min and then the supernatant was collected. The pellet was re-extracted twice by adding 0.5 ml of distilled water, shaking for 15 min and centrifuging at 13 000 ×g for 5 min. All the supernatants were pooled and purified by solid phase extraction. Derivatizations were performed with an EZ:faast LC/ MS Physiological Free Amino Acids Kit (KHO-7338, Phenomenex, Torrance, CA, USA) according to the manufacturer's instructions. Thereafter, amino acid contents were determined using liquid chromatography-mass spectrometry (LC-MS) (Waters Alliance HT, Milford, MA, USA) equipped with a separation module (2795 XE, Phenomenex, Torrance, CA, USA), a temperature controller (ALLCOLHTR, Phenomenex, Torrance, CA, USA) and a column (EZ:faast AAA-MS 250*3.0 mm, Phenomenex, Torrance, CA, USA). Chromatographic separation of amino acids was achieved using a 0.50 ml min−1 flow rate and a 10 mM ammonium formate in water (A)/10 mM ammonium formate in methanol (B) gradient profile as follows: time 0, 68% of B; time 13 min, 83% of B; time 13.01 min, 83% of B; time 17 min, 68% of B; time 20 min, 68% of B. Amino acids were detected using a 3200 QTRAP LC/MS/ MS system (Applied Biosystems/MDS SCIEX, Concord, Ontario, Canada), equipped with a turbo spray interface working in positive mode. Quantification was performed using multiple reaction monitoring and applying the internal standard method with homoarginine, d3 methionine, homophenylalanine, d 5 The procedure for organic acid and non-structural carbohydrate analysis has been described in detail by Fiehn (2006) . ) and organic solutes [grouped by biochemical families: total amino acids (AAs), total organic acids (OAs), total non-structural carbohydrates (NSCs)] to the osmotic potential was obtained by converting the data to MPa, according to the Van't Hoff equation. The cumulative osmotic potential is obtained by summing the calculated contributions of each solute and the difference between measured and calculated values of osmotic potential corresponding to un-quantified compounds (Ca 2+ has not been taken into account in the calculation of the contribution to osmotic potential). Finally, conversion to MPa implicated the water parameters (fresh and dry weight), so they were included in this representation of the cumulative osmotic potential.
Calculation of contribution of solutes to the osmotic potential
S, N and
15
NO 3 analysis An aliquot of each freeze-dried plant organ (roots, emerged petioles and leaves, new emerging petioles and leaves) was placed into tin capsules for isotopic analysis. The total N and S contents and 15 NO 3 excess were determined with a continuous flow isotope ratio mass spectrometer (Horizon, NU Instruments, Wrexham, United Kingdom) linked to a C/N/S analyser (EA3000, Euro Vector, Milan, Italy).
The total S (Stot) amount of an organ 'i' at a given time 't' was calculated as: Stot i,t =%S i,t ×DW i,t /100. As for S, the total N (N tot ) amount in compartment 'i' at a given time 't' was calculated as: Ntot i,t =(%N i,t ×DW i,t )/100. The mean 15 NO 3 abundance in unlabelled plants at d0 (0.35451 ± 0.00026%) was used as a reference for 15 NO 3 analysis. Nitrogen derived from current uptake (Nupt i,t ) was calculated as: Nupt i,t =(Ntot i,t ×E i,t )/E s , where E i,t (%) is the atom 15 NO 3 excess in compartment i at a given time, and E s is the nutrient solution atom 15 NO 3 excess (0.22544 ± 0.0003%).
In vivo NR activity in plants
The NR activity was determined using an in vivo assay adapted from Bungard et al. (1999) . Shoot tissue (0.2 g fresh weight) was vacuum infiltrated for 3 × 30 s with 10 ml of phosphate buffer (pH 7.5) containing 3% (v/v) propanol and 1.36 M KNO 3 . After vacuum infiltration, buffer solutions containing plant material were separated into two sets. One part was incubated in a shaking water bath at 30°C for 20 min in darkness and then boiled to stop any enzymatic activity. The other part was boiled immediately after vacuum infiltration for initial nitrite concentration determination. The colorimetric reaction was performed with 2 ml of plant extract, 1 ml of 0.5% (w/v) sulfanilic acid in 50% acetic acid and 1 ml of 0.2% (w/v) α-naphthylamine in 50% acetic acid. The concentration of nitrite (NO 2 -) in each buffer solution was measured with a spectrophotometer (SmartSpec plus spectrophotometer, Bio-Rad, Marne-laCoquette, France) at 540 nm. Thereafter, NR activity was calculated as micromole NO 2 -formed per gram DW and per hour, corresponding to micromole NO 3 -reduced per gram DW and per hour. This mixture was vortexed for 40 s and after addition of 750 μl of chloroform:isoamylalcohol (24/1: v/v) the homogenate was centrifuged at 15 000 g for 5 min at 4°C. The supernatant was transferred into 750 µl of 4 M LiCl solution (w/v) and incubated overnight at 4°C. After centrifugation 15 000 ×g for 20 min at 4°C, the pellet was suspended in 100 μl of sterile water. RNA was then purified with an RNeasy mini kit according to the manufacturer's protocol (Qiagen, Courtaboeuf, France). Quantification of total RNA was performed by spectrophotometry at 260 nm (BioPhotometer, Eppendorf, Le Pecq, France) before reverse transcription (RT) and real-time PCR (q-PCR) analyses.
RNA extraction
Reverse transcription and q-PCR analyses
For RT, 1 μg of total RNA was converted to cDNA with an iScript cDNA synthesis kit according to the manufacturer's protocol (Bio-Rad, Marne-la-Coquette, France). Q-PCR amplifications were performed using specific primers for each housekeeping gene (EF1-α and 18S rRNA) and target genes (BnaNrt1.1, BnaNrt2.1, BnaSultr1.1, BnaSultr1.2, BnaSultr4.1, BnaSultr4.2, and BnaClCa: Table 2 ). Q-PCRs were performed with 4 µl of 100× diluted cDNA, 500 nM of primers, and 1× SYBR Green PCR Master Mix (Bio-Rad, Marne-la-Coquette, France) in a real-time thermocycler (CFX96 Real Time System, Bio-Rad, Marne-la-Coquette, France). A three steps program, composed of an activation step at 95°C for 3 min and 40 cycles of a denaturing step at 95°C for 15 s followed by an annealing and extending step at 60°C for 40 s, was used for all pairs of primers (Table 2 ). For each pair of primers, a threshold value and PCR efficiency was determined using a cDNA preparation diluted >10-fold. For all pairs of primers, PCR efficiency was ∼100%. The specificity of PCR amplification was examined by monitoring the presence of the single peak in the melting curves after q-PCRs and by sequencing the q-PCR product to confirm that the correct amplicon was produced from each pair of primers (Eurofins, Ebersberg, Germany). For each sample, the subsequent q-PCRs were performed in triplicate. The relative expression of the genes in each sample was compared with the control sample (corresponding to control plants at d0) and was determined with the delta delta Ct (ΔΔCt) method using the following equation: relative expression=2 -ΔΔCt , with ΔΔCt=ΔCt sample −ΔCt control and with ΔCt=Ct target gene −Ct housekeeping gene (for calculations, the geometric mean was considered between Ct of the housekeeping genes), where Ct refers to the threshold cycle determined for each gene in the exponential phase of PCR amplification. Using this analysis method, relative expression of the target gene in the control sample was equal to one (Livak and Schmittgen, 2001) , and the relative expression of other treatments was then compared with the control.
Statistical analysis
For each measurement, experiments were conducted with four independent biological replicates constituted of four individual plants, except for q-PCR analysis, which was conducted with three biological replicates. Data are given as mean ±SE for n=4 (or n=3 for q-PCR data). All data were analysed by Student's test (Excel software) and marked by one or several asterisks when significantly different (*, P<0.05; **, P<0.01; ***, P<0.001).
Results
Growth and osmotic potential were affected by S deprivation
To characterize the effect of S deprivation on rapeseed growth and metabolism, plants were grown with an optimal solution for four weeks, and then supplied (d0) with a modified nutrient solution with (control) or without sulphur (−S) for 28 days. At day 0, shoot and root biomass for control plants were 3.42 ± 0.13 and 0.65 ± 0.02 g DW plant -1 , respectively, and after 28 days reached 37.24 ± 2.11 and 5.51 ± 0.79 g DW plant -1 (Fig. 1A, B ). Compared to control plants, S-deprived plants (−S) were characterized by a significant decrease in root and shoot dry weights after only 7 and 13 days of treatment, respectively. This effect was more pronounced after 28 days of −S treatment, as root growth was reduced by about 20% (4.41 ± 0.15 g DW plant -1 for S-deprived plants versus 5.51 ± 0.40 g DW plant -1 for control plants after 28 days) and shoot growth by 40.5% (from 37.24 ± 2.11 for control plants to 22.15 ± 1.66 g DW plant -1 for S-deprived plants after 28 d). This growth reduction was stronger in new emerging leaves and petioles (Fig. 1C ) that appeared during S deprivation than in emerged leaves and petioles that appeared prior to the treatment (Fig. 1D) . Indeed, at the end of the experiment, the growth of new emerging leaves and petioles had reduced by 58.7% and in previously emerged leaves and petioles the growth reduction was only 13%. Fig. 2 presents the influence relative to control plants of S deprivation on the osmotic potential ( Fig. 2A ) and water content (Fig. 2B) of new emerging and emerged leaves. The osmotic potential in control plants for new emerging leaves varied between -−0.93 and −1.02 MPa ( Fig. 2A) and water content remained at a steady level, between 87 and 88% (Fig. 2B) . In contrast, S deprivation strongly reduced the osmotic potential of new emerging leaves ( Fig. 2A ) at all times with a maximum reduction of 34% after 28 days. In parallel, water content (Fig. 2B) was significantly reduced at 21 and 28 days but this accounted for only 8 and 15% of the total drop in osmotic potential, respectively. The osmotic potential of emerged leaves remained stable and similar to control plants during the first 13 days of S deprivation, and was then significantly reduced after 21 days by about 13% alongside a significant diminution of water content (Fig. 2B) , which accounted for only 16% of the total drop in osmotic potential. As a consequence, during exposure to S deprivation, the early steady state level of leaf osmotic potential would be the result of an osmotic compensation for the disappearance of SO 4 2-, while the late decrease in leaf osmotic potential could probably be explained by a limited loss of water coupled with an increase in solute accumulation.
Changes in osmotic potential during S deprivation were due to a significant accumulation of mineral and organic solutes
Regardless of which leaves were examined, SO 4 2-content (Fig. 3A) steadily increased with time in control plants. Predictably and according to deprivation, in emerged leaves from S-deprived plants the SO 4 2-content (Fig. 3A) significantly decreased as early as 3 days after S deprivation. In parallel, 
Gene
Accession number Forward Reverse
only traces of SO 4 2- (Fig. 3A) were found in new emerging leaves from S-deprived plants (<0.5 mg SO 4 2-g -1 DW, Fig. 3A ). More surprisingly, the accumulation of other anions was also affected by S deprivation. For example, the Cl -content (Fig. 3B ) was significantly higher than in control plants, whichever leaves were tested during the first 13 days of S deprivation. Phosphate content (Fig. 3C ) was increased by S deprivation by 42% at 13 days in new emerging leaves and in emerged leaves the PO 4 3-content increased significantly only during the first 3 days (Fig. 3C) . Similarly, NO 3 -content (Fig. 3D ) was increased by S deprivation in both groups of leaves, with an increase of 40% at 13 days in new emerging leaves.
Cation concentrations were also quantified in leaves (Fig. 4) . The Na + content (Fig. 4A ) was significantly lowered in emerged leaves from S-deprived plants. Potassium content (Fig. 4B) remained at a nearly steady state level in control plants, but was significantly lowered by S deprivation, whichever leaves were tested. For example, after 28 days of −S treatment, K + content was reduced by 37% in emerged leaves and by 22% in new emerging leaves. Sulphur deprivation had no effect on the Mg 2+ content (Fig. 4C ) in emerged leaves and induced a significant increase in the Mg 2+ content after 7 and 13 days in new emerging leaves alone. The Ca 2+ content (Fig. 4D ) was significantly increased with time in control plants, and this was also the case for S-deprived plants but at a significantly lower level.
The contents of AAs, OAs and NSCs were estimated as the sum of individually quantified compounds, as described in the experimental procedures. During the early stages of the experiment (i.e. up to 7 days of S deprivation), no major differences were observed for total AAs content between control and -S plants in emerged leaves (Fig. 5A) . However, from 13 days of S deprivation, AAs showed a striking accumulation in emerged leaves. The same accumulation of AAs was observed even sooner in new emerging leaves (from 7 days of −S treatment), the AAs content being increased by 347% at day 21. The OAs content (Fig. 5B ) in leaves was unaffected by S deprivation. The NSCs content of new emerging leaves was significantly lower in S-deprived plants than in control plants (Fig. 5C ), while in emerged leaves they were highly variable during the treatment period. For example, in emerged leaves from S-deprived plants the NSCs content was similar to control plants, except at 13 and 28 days where it was lower and higher, respectively, than in control plants. 
Contribution to osmotic potential of Cl
during S deprivation
The osmotic potential of emerged leaves at day 0 was measured and the relative contribution of mineral solutes (SO 4 2-, Cl -, PO 4 3-, NO 3 -, K + , Mg 2+ , Na + ) and of the main organic solutes (grouped by biochemical families: NSCs, OAs, AAs) was calculated (Fig. 6A) , as described in the experimental procedures. At day 0, the main osmotic contributions to the measured osmotic potential of emerged leaves were found for K + (34.6%), NO 3 -(15.8%) and Cl -(7.9%) followed by SO 4 2-(6.3%), Mg 2+ (6.6%) and NSCs (6.4%). The osmotic contribution of organic acids, AAs, Na + and PO 4 3-remained lower than 3.6% while unquantified compounds reached 12.4%. Potassium was the major contributor to the osmotic potential, but it remained at a steady state level in control and S-deprived plants throughout the treatment period . Kinetic evolution of (A) total amino acid (AAs), (B) total organic acid (OAs) and (C) total non-structural carbohydrate (NSCs) contents (µmol g -1 DW) in new emerging and emerged leaves of Brassica napus from control (black line), S-deprived (-S, dashed line) or Cl-deprived (-Cl, grey line) plants during the 28 days of the treatment. Data are given as the mean ±SE (n=4). Asterisks indicate significant differences from control at a given date for P<0.05 (*), P<0.01 (**) or P<0.001 (***). (P>0.05), except at 28 days in S-deprived plants (data not shown). Therefore, K + did not seem to play a major role in osmoregulation. Thus, Fig. 6B and C only considered the osmotic contributions of mineral and organic solutes that were significantly affected by S or Cl deprivation. In new emerging leaves (Fig. 6B) , the lack of SO 4 2-accumulation and hence its reduced osmotic contribution was fully compensated by an accumulation of NO 3 -, PO 4 3-and Cl -(except after 21 days). In the meantime, the increasing osmotic role of AAs (up to −0.25 MPa) may largely explain the reduction of measured osmotic potential (Fig. 2 , maximum of −0.35 MPa between control and S-deprived plants). Finally, an increase in the osmotic contribution of one cation, Mg 2+ , occurred in new emerging leaves during S deprivation. In emerged leaves (Fig. 6C) , SO 4 2-was mobilized from the third day of S deprivation, while the osmotic potential measured remained stable and similar to control plants during the first 13 days of S deprivation ( Fig. 2A) and was significantly reduced only after 21 days. This steady level of emerged leaf osmotic potential was therefore the result of compensation by the accumulation of other solutes. Indeed, a significant increase in the osmotic contribution of PO 4 3-occurred during the first 3 days, a smaller increase in Cl -also occurred during the first 2 days, and then from 3 to 28 days the osmotic contribution of Cl -was significantly increased compared to control plants (Fig. 6C) . In emerged leaves of S-deprived plants, the osmotic contributions of NO 3 -and Mg 2+ were higher than in control plants over the 28 days but only significant after 13 and 21 d for the two ions respectively. In parallel, compared to control plants, the osmotic contribution of AAs was significantly increased in S-deprived plants after 21 days. Finally, during S deprivation, the disappearance of SO 4 2-was osmotically compensated by an enhancement of PO 4 3-, Cl -and NO 3 -contents. Later on, the fall in osmotic potential of the two groups of leaves (i.e. d7, d13, d21 and d28 in new emerging leaves; d21 and d28 in emerged leaves) could be due to an increased contribution of Mg 2+ , but this is more likely due to AAs. In the latter case, this could be the result of metabolic disturbances caused by S deprivation together with a lack of internal SO 4 2-availability.
Nitrogen metabolism was affected after 13 days of S deprivation
In S-deprived plants, the cumulated 15 NO 3 uptake was significantly lower than in controls from 13 days to 28 days and it was reduced by 24% and 45% after 13 and 28 days, respectively (Fig. 7A) . After 13 days of S deprivation and until the end of the experiment, the NO 3 -reductase activity was strongly decreased in the two groups of leaves. Compared to control plants, the NR activity in emerged leaves was reduced by 41% at 28 days of −S treatment. The reduction in NR activity was more pronounced in new emerging leaves, where it was decreased by 60% after 28 days of S deprivation (Fig. 7B) . Overall, S deprivation reduced NO 3 -uptake and NR activity after 13 days of treatment, by which growth was reduced (Fig. 1) and AAs had been accumulated (Fig. 5A) . In order to better characterize the effect of S deprivation on Brassica napus N and S metabolisms, the relative expression of genes encoding different SO 4 2- (BnaSultr1.1and BnaSultr1.2, BnaSultr4.1, BnaSultr4.2) and NO 3 -(BnaNrt1.1, BnaNrt2.1 and BnaClCa) transporters was quantified by qPCR analysis in the emerged leaves, new emerging leaves and/or in the roots, during the kinetics of the 28 days. The expression of the root transporters, BnaSultr1;1 and BnaSultr1;2 involved in SO 4 2-uptake was up-regulated from the first day in response to S deprivation (Fig. 8A) . The expression of the vacuolar SO 4 2-transporters, BnaSultr4;1 and BnaSultr4;2, was also up-regulated within less than 2 days of S deprivation in emerged leaves (Fig. 8A ), roots and in new emerging leaves (data not shown), with the induction of BnaSultr4;2 being higher than BnaSultr4.1 in each organ. In parallel, expression of the root NO 3 -transporter, BnaNrt1.1, was similar in S-deprived and control plants, whereas BnaNrt2.1 was repressed between 7 and 13 days of S deprivation (Fig. 8B) . Finally, the ClCa gene encoding a vacuolar NO 3 -transporter in Arabidopsis thaliana and functioning as a 2NO 3 -/1H + exchanger that facilitates NO 3 -accumulation in the vacuole, was not affected during the 28 days of S deprivation (Fig. 8B) .
Compared to S deprivation, Cl deprivation affected only mineral and organic solute contents
To compare S and Cl deprivation at the same time and in the same way as S deprivation, Cl-deprived plants were obtained with the application of an optimal solution for four weeks, and then a modified nutrient solution without chlorine (−Cl) for 28 days. Compared to control plants, and in contrast to the findings for S deprivation, Cl deprivation did not significantly reduce shoot (Fig. 1A, C, D) and root biomass (Fig. 1B) , nor did it change whole plant 15 NO 3 uptake (Fig. 7A) , leaf NR activity (Fig. 7B) , SO 4 2- (Fig. 3A) , Na + (Fig. 4A) , K+ (Fig. 4B) , AA (Fig. 5A ) and NSC contents (Fig. 5C ), leaf osmotic potential ( Fig. 2A) or water content (Fig. 2B) . While leaf Cl -content steadily increased with time in control plants (Fig. 3B) , it decreased during Cl deprivation in emerged leaves after 7 days. In new emerging leaves, <1.2 mg Cl -.g -1 DW were found in Cl-deprived plants (Fig. 3B) . Only PO 4 3-in emerged leaves (Fig. 3C , significant for the first 3 days) and NO 3 -in both groups of leaves (Fig. 3D , which was a general trend but significant for only a few time points) reached higher contents than in control plants. Leaf Mg 2+ content (Fig. 4C ) was increased by Cl deprivation and more significantly in emerged leaves. During Cl deprivation, the OAs content (Fig. 5B ) was equal to or higher than in the control leaves. In contrast, leaf Ca 2+ content (Fig. 4D) was significantly lowered by Cl deprivation in a similar manner to S deprivation. Overall, because the leaf osmotic potential remained similar to control plants, the decreased osmotic contribution of Cl -during deprivation was fully compensated by a general trend of increased NO 3 -, PO 4 3-, and OA contents (Fig. 6) .
Discussion
Oilseed rape, as in most Brassicaceae, has greater S requirements than other crop species such as cereals. Early identification of S deficiency is of prime importance because of its consequences for seed yield and quality and for management of S fertilization. This study investigated the impact of S deprivation applied to winter oilseed rape at the rosette stage on leaf osmotic potential and its main components in order to determine whether other mineral and/or organic compounds that may act as osmotica were able to compensate for the absence of SO 4 2-under S deprivation. In addition, the impact of S deprivation on osmotic potential was compared to Cl deprivation in order to differentiate osmotic causes and metabolic perturbations.
At the vegetative stage, oilseed rape revealed two response periods to S deprivation. The first one occurred during the first 13 days following the sudden withdrawal of SO 4 2-(from 508.7µM to 5.8µM) with no significant effect on growth, which was maintained mostly due to the mobilization of vacuolar SO 4 2-. After 13 days, S deprivation significantly reduced growth as well as NO 3 -uptake and NR activity (Fig. 7) while AAs and NO 3 -were accumulated (Figs 5A, 3D ). It has been previously shown that S deprivation restricts de novo synthesis of amino acids and proteins and that amino acid accumulation resulted mostly from the hydrolysis of previously synthesized proteins (Lee et al., 2013) . This accumulation of non-S amino acids may act as a negative feedback on NO 3 -uptake as previously reported (Miller et al., 2007; Lee et al., 2009; Nacry et al., 2013) . Our results show that S deprivation significantly reduced NO 3 -uptake after 13 days (Fig. 7A ) while a significant accumulation of amino acids was detected after 7 and 13 days in new emerging leaves and emerged leaves, respectively (Figs 5A, 8C) . Abdallah et al. (2011) have shown that the decrease in S uptake under long-term S deficiency was concomitant with a significant reduction in whole plant N uptake and a repression of the expression of root NO 3 -transporters, in agreement with our result showing a down-regulation BnaNrt2.1 under S deprivation (Fig. 8B) . In this study, it has been also found a continuous decline in NR activity with the duration of S deprivation (Fig. 7B) . Such reductions in NR activity in S-deprived rapeseed (Brassica rapa), spinach and tobacco have been reported previously (Migge et al., 2000; Prosser et al., 2001; Kaur et al., 2011) . Kaur et al. (2011) also showed in B. rapa plants that S deprivation over six days induced a decrease in the expression level and activity of glutamine synthetase, indicating that S deprivation has a negative effect on N metabolism. Amino acids are also well known to be involved in the down regulation of NR activity (Miller et al., 2007; Campbell, 1999) . It may then be suggested that this reduction of NR activity could have explained the NO 3 -accumulation that occurred during S deprivation (Fig. 3D ). Earlier reports have also shown large accumulations of NO 3 -, particularly in Brassica species under S limitation (McGrath and Zhao, 1996; Koralewska et al., 2009; Kaur et al., 2011; Sarda et al., 2014) .
In several studies it has been shown that NO 3 -can have an osmotic role. The study conducted by Veen and Kleinendorst (1986) in shoots of Italian ryegrass in which quantum-flux density, osmotic potential of the nutrient solution and availability of NO 3 -and Cl -were independently tested, indicating that NO 3 -played an important role in osmotic adjustment and that its accumulation resulted from a shortage of other osmotic solutes. Moreover, Veen and Kleinendorst (1986) found Cl -uptake substituted an equivalent amount of NO 3 -in the plant when NO 3 -was partly replaced by Cl -in the nutrient solution. Similarly, Ourry et al. (1989) showed that NO 3 -acted as an osmotic compound to compensate for the lack of carbohydrates during regrowth after cutting ryegrass. Furthermore, under N limitation, NO 3 -was replaced by Cl -in order to compensate for the reduction in the osmotic contribution of carbohydrates. More recently, it was shown in shoots of lettuce that NO 3 -accumulation occurred at low light intensities in order to compensate for the decreased content of many soluble organic compounds and so helped to maintain osmotic potential (Burns et al., 2011b) . Our results suggest that NO 3 -could act as an osmoticum to replace the SO 4 2-content that was reduced during S deprivation. It has been found in oilseed rape that there is a robust linear or logarithmic relationship between S and SO 4 2-concentrations in senescing leaves, stems and seeds and that SO 4 2-can represent >70% of the whole plant's total S (Sarda et al., 2014) , and as such may have a significant osmotic role. Moreover, SO 4 2-represents the most important source of S in leaves of oilseed rape and SO 4 2-is mainly stored in the vacuole (BlakeKalff et al., 1998) . In Arabidopsis thaliana, it has been shown that water stress induced a greater accumulation of proline, α-aminobutyric acid, malate, citrate, alanine, NO 3 -and SO 4 2- (Lugan et al., 2010) and that SO 4 2-contributed to ∼3% of the total osmotically active particles under control conditions (Lugan et al., 2009) . In our study, the osmotic contribution of SO 4 2-represented 6.3% of the leaf osmotic potential at day 0, while AAs may account for 3.2% (Fig. 6A) and increased during S deprivation with a maximum of 23% after 21 days in new emerging leaves (Fig. 6B) . Our results showed that the osmotic potential of emerged leaves remained stable and similar to control plants during the first 13 days of S deprivation ( Fig. 2A) . These findings are in accordance with the study conducted by Lee et al. (2013) indicating that in oilseed rape leaves, osmotic potential decreased significantly after 9 days of S deficiency. In our study, it has been shown that the lack of SO 4 2-and hence its reduced osmotic contribution was fully compensated by an increase in NO 3 -, PO 4 3-and Cl -accumulation (Fig. 3) .
During Cl deprivation, leaf osmotic potential remained nearly at a steady state level, and similar to control plants ( Fig. 2A) . It must be pointed out that during Cl deprivation, the Cl -leaf content decreased to a lesser extent than SO 4 2-in S deficient plants. Chloride content remained at least higher than 5 and 1 mg g -1 DW in emerged and new emerging leaves, respectively (Fig. 3B) . Indeed, Cl -as a free anion in the cells is not assimilated or significantly incorporated into organic molecules, while it participates particularly in compensation and osmoregulation in the whole plant (Xu et al., 2000; Broadley et al., 2012) . So, the disappearance of Cl -was compensated for by accumulation of other compounds such as NO 3 - (Fig. 3D ), PO 4 3- (Fig. 3C) and OAs (Fig. 5B ) without change of SO 4 2- (Fig. 3A) , which allow maintenance of the leaf osmotic potential without other significant physiological effects during Cl deprivation. This could be explained in Cl-deprived plants, as well as in control plants, by the fact that S-SO 4 2-accounted on average for >86% of S in emerged leaves (data not shown), which may be close to the maximum physiological accumulation. Moreover, under Cl deprivation, the reduction of leaf content of Cl - (Fig. 3B) , which mostly is a consequence of leaf dry matter accumulation, occurred in a less drastic way than SO 4 2-under S deprivation (Fig. 3A) , resulting mostly from vacuolar mobilization. It may then explain why OAs (Fig. 4B) , derived from metabolic activity, were accumulated rather than SO 4 2-under Cl deprivation. Whether similar osmotic compensation occurs under NO 3 -or PO 4 3-deprivation remained largely unknown. However under our growth conditions, PO 4 3-osmotic contribution (Fig. 6A) et al., 1989 ) the osmotic involvement of SO 4 2-and PO 4 3-was not demonstrated.
During the first 13 days of S deprivation, plant growth was not reduced and the leaf osmotic potential was kept at a steady level. Indeed, previous studies have shown that sulphur mobilization, mostly as SO 4 2-, occurred from leaves independently of foliar senescence and when S availability was restricted (Dubousset et al., 2009; Abdallah et al., 2010) . In parallel, it has been reported that this mobilization of S was related to an up-regulation of BnaSultr4.1 and/or BnaSultr4.2 genes, which are involved in efflux of SO 4 2-from vacuoles Kataoka et al., 2004; Parmar et al., 2007; Dubousset et al., 2009; Abdallah et al., 2010) . The present results showing a higher expression of both BnaSultr4.1 and BnaSultr4.2 as early as 2 days after S deprivation (Fig. 8A ) are in agreement with these previous studies.
The kinetic study of S deprivation that was performed provided further information that could be used to identify early indicators suitable as diagnostic tools to evaluate the S requirements of B. napus. A successful diagnostic indicator needs to show a specific and early response to S deficiency and should also be relatively easy to evaluate and possess enough accuracy. There is general agreement that plant analysis could provide a means to detect the S requirements of the crops rather than using soil testing due to the fluctuations in soil S mineralization and S availability throughout the growing season (Malhi et al., 2005) . Plant analyses using S, SO 4 2-or organic S concentrations as well as N:S or malate:SO 4
2-ratios have been tested to predict S deficiency in oilseed rape (for review see Blake-Kalff et al., 2001) . It has been shown that concentrations of leaf total S, SO 4 2-and glutathione depend on the growth stage and growth rates, making the application of these parameters impractical as diagnostic indicators (Blake-Kalff et al., 2000 , 2001 . Instead of using absolute values as diagnostic indicators for S deficiency, the use of ratios has already been proposed in the form of N:S or malate:SO 4 2-ratios in wheat and oilseed rape (Blake-Kalff et al., 2000) . The N:S ratio was not considered to be a reliable indicator because it reflects the relative proportion of the elements rather than their actual magnitude and because it requires two analytical determinations with potentially for input errors from both methods. The malate:SO 4 2-ratio is based on the inverse correlations of the concentrations of the two species during S deficiency. Despite its promise as a reliable and practical indicator for determining the S status of plants (Blake-Kalff et al., 2001) , the accuracy of the malate:SO 4 2-ratio may be questionable because it may vary from 0.1 to 100 without differences in seed yield. In this study, two groups of potential indicators of S deficiency were identified. One group concerns the late indicators corresponding to the response period where S deprivation already had an impact on growth and metabolism. This group included AAs content and osmotic potential (Fig. 8C) . Nevertheless, these potential indicators may be used for a correction in fertilization in order to restore S uptake and therefore S and N metabolism (Kaur et al., 2011) . Another group corresponds to early indicators that could be usable well before growth reduction and before metabolic disturbances, allowing the anticipation of S deficiency in order to fertilize if required. The up-regulation of genes encoding SO 4 2-transporters is one of the first responses to S deprivation (Fig. 8A) . Expression of the BnaSultr1;1 and BnaSultr1;2 genes, encoding two high-affinity SO 4 2-transporters involved in the majority of SO 4 2-root uptake Parmar et al., 2007) , was upregulated from the first day in response to S deprivation by 2-and 10-fold, respectively, while BnaSultr1;1 continued to increase during S deprivation (by about 50-fold after 7 days). The genes encoding the SO 4 2-transporters, BnaSultr4;1 and BnaSultr4;2, involved in the remobilization of SO 4 2-stored in the vacuole Kataoka et al., 2004; Parmar et al., 2007) , were also up-regulated in response to S deprivation after 2 days by approximately 3-and 30-fold, respectively (Fig. 8A) . Howarth et al., (2009) , have shown that the expression of sdi1 was especially induced in leaf and root tissues in response to S deficiency and sdi1 gene expression had potential as a sensitive indicator of sulphur nutritional status in wheat. However, none of these molecular indicators can be easily used under field conditions, as they require laboratory analysis and the use of control plants. 2-mediated by tonoplastic transporters, significant changes of this ratio occurred after 3 days of S deprivation i.e. after the up-regulation of BnaSultr 4.1 or 4.2 occurring after 2 days of S deprivation that follow the up-regulation of BnaSultr 1.1 and 1.2 after 1 day. Internal ratios between compounds have been suggested to vary less than absolute values during plant growth and development (Rasmussen et al., 1977; Maynard et al., 1983; Blake-Kalff et al., 2000 , 2001 . A significant 185% increase in this ratio occurred in emerged leaves before 3 days, and at 7 days it was 233%. At the same time, the ratio in new emerging leaves was also increased, but by a much higher 20-fold factor at 7 days (Fig. 8C ). Compared to the N:S or malate:SO 4 2-ratios described by Blake-Kalff et al. (2000) ] ratio could provide an indicator for the risk of S deficiency at early stages, with the added advantage that these anions can be easily quantified in the field compared to S analysis which requires previous mineralization or combustion of the samples. Our proposed ratio was highly correlated to leaf Stot (Fig. 8D ) in plants grown under controlled condition allowing the determination of a critical ratio above which growth was restricted by S deprivation. Under our growth conditions, leaves that showed a value of ([Cl ] ratio above 10.74 corresponded to leaves of S-deprived plants with a biomass significantly decreased by S deprivation. Moreover, this ratio was significantly changed by S deprivation earlier than leaf growth reduction, for a threshold value above 4.53 (Fig. 8D) 2-] ratio lower than 4.53 suggested that the S requirements were satisfied, while a value between 4.53 and 10.74 suggested that S nutrition needs to be improved in order to avoid any growth reduction. However, further testing of this method is required under field conditions in order to estimate a critical value threshold using a range of S fertilizations, as well as verification in the field of both the concentration range and the potential accumulation of Cl -that was observed under S deprivation in hydroponic culture.
